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INTRODUCTION

The precision of radiation therapy is directly linked to 
patient setup reproducibility, which is essential for main-
taining consistency of the planned dose distribution and 
ensuring treatment accuracy. In particular, the head and 

neck (HN) region has a highly complex anatomy, and ra-
diation-sensitive organs such as the spinal cord, salivary 
glands, larynx, and oral mucosa are located in close prox-
imity to the tumor. As a result, it is difficult to secure a 
sufficient safety margin around the target volume. In other 
words, expansion of the planning target volume (PTV) 
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to compensate for positioning and motion uncertainties 
during treatment is limited, and even submillimeter- to 
millimeter-scale setup errors may lead to clinically relevant 
underdose to the target or overdose to adjacent normal 
tissues [1]. Owing to these clinical characteristics, precise 
immobilization systems have become a key component 
of high-precision radiation therapy techniques such as in-
tensity-modulated radiation therapy (IMRT), volumetric 
modulated arc therapy (VMAT), stereotactic radiosurgery 

(SRS), and stereotactic body radiotherapy (SBRT). Among 
these, thermoplastic head-and-neck immobilization masks 
are widely regarded as the standard fixation device because 
they provide excellent conformity to patient anatomy and 
high setup reproducibility [2].

Several studies have quantitatively evaluated the setup 
reproducibility of thermoplastic masks. Gilbeau et al. di-
vided 30 patients with brain and head-and-neck tumors into 
three immobilization groups using thermoplastic masks 
with three-point, four-point, or five-point fixation, and ac-
quired weekly orthogonal portal images during treatment. 
By comparing two-dimensional and three-dimensional 
coordinates between these portal images and the simulation 
films, they analyzed setup errors. They reported that, in the 
head and neck region, the standard deviation of the total 
displacement was approximately 2.2 mm, and 90% of the 
three-dimensional displacement vectors remained below 
4.5 mm, indicating that thermoplastic mask-based immo-
bilization provides clinically acceptable translational setup 
accuracy [3].

Boda-Heggemann et al. evaluated the repositioning ac-
curacy of two different mask systems using true three-di-
mensional/three-dimensional (3D/3D) image registration 
with cone-beam computed tomography (CBCT). After 
image-guided corrections before treatment, the residual 
setup errors and intrafractional motion were quantified, and 
the three-dimensional displacement vectors were reported 
to remain within approximately 1~2 mm. These findings 
demonstrate that, when combined with image-guided radi-
ation therapy (IGRT), thermoplastic mask immobilization 
can achieve the level of accuracy required for high-preci-
sion radiation therapy [4].

However, despite this excellent setup accuracy and 
structural stability, the use of thermoplastic masks has been 
associated with psychological anxiety, claustrophobia, and 
pressure-related discomfort, and these symptoms are not 
limited to subjective nuisance alone but may act as clini-

cally relevant barriers to treatment. Nixon et al. conducted 
a mixed-methods study in patients undergoing head-and-
neck radiotherapy using a modified Distress Thermometer 
and reported that approximately 26% of patients experi-
enced mask-related anxiety or distress [5]. In a subsequent 
prospective study, they repeatedly assessed distress levels 
during the treatment course and showed that, in a subset of 
patients, mask-related anxiety can persist or even worsen 
over time [6].

In addition, a scoping review by Lastrucci et al. summa-
rized evidence that closed-face thermoplastic masks may 
provoke discomfort and claustrophobia, which can nega-
tively affect patient experience, psychological adherence, 
and intrafractional stability by increasing treatment-related 
movement [7]. Such deterioration in patient experience 
may ultimately lead to increased motion during irradiation, 
treatment avoidance behaviors, and reduced compliance, 
thereby negatively impacting both treatment efficiency and 
clinical outcomes.

To address these issues, open-face thermoplastic masks 
have recently been introduced as an alternative to conven-
tional full-face designs, with several reports suggesting that 
they can alleviate claustrophobia and breathing discomfort 
while maintaining adequate setup reproducibility. Never-
theless, open-face masks are still manufactured through the 
same sequence of heating, molding, and cooling, and the 
resulting material shrinkage and long-term residual thermal 
deformation cannot be fully avoided. Therefore, increasing 
the degree of facial exposure alone is unlikely to provide a 
complete solution for improving patient experience; a com-
plementary approach that considers the thermal stability 
of the mask material and optimizes the manufacturing and 
cooling process from a physical and procedural standpoint 
remains necessary.

Dovell et al. reported that the degree of post-fabrication 
shrinkage of thermoplastic masks differs depending on the 
mask material, and that greater shrinkage is associated with 
reduced comfort during wear [8,9]. These findings suggest 
that the thermal handling conditions applied to thermoplas-
tic masks can influence both the pressure exerted on the 
patient and the long-term structural stability of the mask. 
However, previous studies have mainly focused on com-
paring different materials, and there is a relative lack of 
research that quantitatively links the cooling temperature 
immediately after molding (thermal residual condition) to 
subsequent changes in structural stability and contact pres-
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sure during mask use.
Therefore, in the present study, we fabricated thermo-

plastic masks under anthropomorphic phantom-based 
conditions and quantitatively evaluated time-dependent 
changes in mask geometry and contact pressure as a func-
tion of cooling temperature and residual heat immediately 
after molding. The findings of this study are expected to 
contribute to the clinical standardization of thermoplastic 
mask manufacturing processes and to the development of 
strategies aimed at improving patient experience during 
high-precision radiation therapy.

MATERIALS AND METHODS

1. �Fabrication of thermoplastic head-and-neck 

masks

In this study, two types of commercially available ther-
moplastic head-and-neck mask sheets were selected, and 
three sheets of each type (six sheets in total) were used for 
the experiments. To simulate in vivo conditions, a RAN-
DO anthropomorphic phantom (The Phantom Laboratory, 
USA) was used as the standard human phantom [10,11]. 
To mimic the mechanical properties of human skin at the 
mask-surface interface, the phantom surface was uniform-
ly coated with a silicone material originally designed for 
fabrication of three-dimensional (3D) radiotherapy bol- 
uses [12]. Silicone-based phantoms and boluses are widely 
used in radiotherapy because their mechanical behavior and 
radiation attenuation properties closely approximate those 

of human soft tissue [13,14].
Each thermoplastic sheet was placed in an air oven and 

uniformly softened by heating at 73°C for 5 minutes, and 
then molded to conform closely to the head, neck, and up-
per chest of the anthropomorphic phantom (Fig. 1). During 
molding, the sheet was carefully pressed so that it fully 
adhered to the phantom surface, and no additional external 
pressure was applied other than the locking mechanism of 
the mask fixation frame, in order to minimize unintended 
mechanical interference.

Immediately after molding, the mask was kept fixed on 
the phantom, and the assigned cooling procedure was ini-
tiated. Two cooling methods were used: air cooling with a 
handheld fan and cold cooling using ice packs. The overall 
molding workflow-heating, molding, and cooling-was 
designed to reproduce routine clinical practice, and the 
same standardized procedure was applied to all thermoplas-
tic sheets.

Given the standardized manufacturing process of com-
mercial thermoplastic masks, the study design utilized one 
sheet per condition to evaluate physical phase-change be-
haviors, proceeding on the premise that inter-sample vari-
ability in material properties is minimal compared to the 
distinct effects of temperature.

2. �Temperature measurement and measurement 

sites

For quantitative assessment of the cooling process, five 
anatomical sites on the anthropomorphic phantom-fore-
head, nasal bridge, neck, shoulder, and chest-were se-

Fig. 1. Workflow for softening and molding thermoplastic head-and-neck immobilization masks using an air oven.
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lected as temperature measurement points. These regions 
correspond to the main contact areas of head-and-neck 
thermoplastic masks and were chosen based on previous 
reports that the design of the forehead and anterior facial 
opening strongly influences immobilization performance, 
and that head-and-shoulder-type masks extending over the 
shoulders and lower neck can reduce setup errors [4,15].

Surface temperatures at each site were measured using 
a non-contact infrared thermometer (FS-300, HUBDIC, 
Republic of Korea; measurement range 0~100°C, res-
olution 0.1°C, operating temperature 16~40°C, relative 
humidity ≤95%). Measurements were performed every 5 
seconds from immediately after heating until completion 
of the cooling phase. At each time point, three consecutive 
readings were acquired at each site, and their average was 
used for analysis. The end of cooling for a given condition 
was defined as the time point at which the measured tem-
perature at each site reached the predefined target value 

(16°C, 26°C, or 36°C; Fig. 2). These three target tempera-
tures were specifically selected to simulate distinct clinical 
scenarios. The 36℃ condition represents a scenario of “in-
sufficient cooling,” where the mask is considered set while 
still near the patient’s body temperature, potentially leading 
to inadequate hardening. The 26℃ condition corresponds 
to standard passive air cooling within a typical treatment 
room environment. Finally, the 16℃ condition simulates 
an “active cooling” protocol, achievable through methods 
such as cold packs or forced air, aimed at ensuring rapid 
and complete thermal stabilization. The measurement un-
certainty and repeatability of the thermometer were verified 

by initial calibration before the experiment.

3. Image analysis for CT scans

To quantitatively evaluate time-dependent shrinkage 
and torsional deformation of the thermoplastic masks after 
molding, computed tomography (CT) images were ac-
quired using a SOMATOM Definition AS scanner (Siemens 
Healthineers, Germany) (Fig. 3). The acquisition parame-
ters were as follows: tube voltage 120 kVp, pitch 0.85, and 
slice thickness 2 mm. Automatic exposure control (AEC) 
was applied to reduce image noise.

The field of view (FOV) was adjusted to include the en-
tire mask and the base plate of the immobilization system. 
For all scans, the phantom was repositioned in the same 
setup with identical head, neck, and shoulder alignment to 
ensure reproducible geometry across all measurement time 
points.

The acquired images were stored in Digital Imaging and 
Communications in Medicine (DICOM) format and im-
ported into a commercial image processing platform (MIM 
Software Inc., Cleveland, OH, USA) for three-dimensional 

(3D) image reconstruction (Fig. 4). CT datasets obtained at 
each time point (immediately after molding, 7 days, and 30 
days) were then co-registered using image registration, and 
subsequent analyses were performed to calculate surface 
displacement and volume change of the thermoplastic masks 

Fig. 3. CT acquisition setup for three-dimensional evaluation of 
thermoplastic head-and-neck mask deformation after molding.

Fig. 2. Locations of temperature measurement points on the ther-
moplastic head-and-neck mask and example of surface temperature 
measurement on the anthropomorphic head-and-shoulder phantom.
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over time. Through this process, the time-dependent defor-
mation behavior and structural stability of the thermoplastic 
masks after fabrication were quantitatively evaluated.

The geometric information of the thermoplastic masks 
was analyzed using MIM Software (MIM Software Inc., 
USA) to compare shape changes according to cooling tem-
perature (16°C, 26°C, and 36°C) and imaging time point. 
To quantitatively assess shape similarity, the Dice similari-
ty coefficient (DICE) was used [10,16]. DICE is a statistical 
index that represents the degree of overlap between two 
regions. For two sets A and B, it is defined as:

DICE = 2|A∩B|/ (|A| + |B|)	  (Eq. 1)

The DICE value ranges from 0 to 1; values closer to 1 in-
dicate a higher degree of overlap and thus better geometric 
agreement between the two regions, whereas values closer 
to 0 indicate minimal overlap.

4. Analysis of pressure-sensitive film

To quantitatively assess the local contact pressure that 
would be perceived by a patient, an ink-type pressure-sen-
sitive film (PSF) was used. This dry-type PSF changes the 
color density of an indicator layer when pressure is applied, 
allowing the applied pressure to be estimated from the re-
sulting color intensity. In this study, we used a 4LW-type 
PSF with the lowest available measurement range pro-

vided by the manufacturer (0.02~0.30 megapascal [MPa], 
equivalent to 0.203~3.059 kg/cm²). For each measurement 
condition, pressure readings were acquired five times and 
the results were subjected to statistical analysis. The pres-
sure measurement sites were defined as the forehead, nasal 
bridge, neck, shoulder, and chest of the anthropomorphic 
phantom (Fig. 5). At each site, the thermoplastic mask was 
positioned and fixed in the treatment configuration, and 
the resulting local contact pressure was recorded using 
the pressure-sensitive film after 11 seconds of continuous 
loading. All measurements were performed under identical 
conditions (same phantom position and same mask fixation 
method) to ensure reproducibility of repeated measure-
ments.

For each anatomical site, the RGB (red, green, blue) val-
ues obtained from the pressure-sensitive film after 11 sec-
onds were converted to pressure values using the calibra-
tion table provided by the film manufacturer. The contact 
pressure exerted by the thermoplastic mask was quantified 
based on the change in RGB intensity, and the measured 
RGB values were finally converted to pressure in megapas-
cals (MPa) using the following linear regression equation:

MPa = -0.120 × RGB + 30.6	  (Eq. 2)

The developed color layer of the pressure-sensitive 
film was digitized using a flatbed scanner from the Epson 
Expression series (Expression 13000XL; Seiko Epson 

Fig. 4. Example of Dice similarity coefficient (DICE) analysis of thermoplastic mask contours using MIM software.
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Corp., Japan) at a resolution of 1000 dots per inch (dpi). 
According to the manufacturer’s specifications, the Ex-
pression 13000XL supports an optical resolution of up to 
2400×4800 dpi; therefore, scanning at 1000 dpi was well 
within the optical performance range of the device.

The scanned pressure-sensitive films were quantitatively 
analyzed based on pixel-wise color information in the RGB 
color model. For each film, the median value of the red (R) 
channel within a predefined region of interest (ROI) was 
used as the representative metric of ink density. The median 
R value, defined as the middle value of all pixel intensities 
within the ROI, is less sensitive to outliers and is there-

fore suitable for evaluating the density of the transferred 
ink. Pixel values were extracted using ImageJ (National 
Institutes of Health, version 1.54p), an open-source image 
analysis software package (Fig. 6) [17,18]. For each film, 
five ROIs of 300 ×300 pixels were sampled within the 
developed area, and the mean of the median R values from 
these five ROIs was used for subsequent analysis.

The converted pressure data were organized by mask 
manufacturer (A and B), cooling temperature condition 

(16°C, 26°C, and 36°C), and anatomical site (forehead, 
nasal bridge, neck, chest, and shoulder). Before performing 
any inferential statistical analyses, the assumptions of nor-

Fig. 6. Extraction of red channel intensity (RGB) from scanned pressure-sensitive film using ImageJ for quantitative pressure analysis.

Fig. 5. Placement of pressure-sensitive film at anatomical contact sites and manufacturer-provided calibration curve for converting RGB 
values to contact pressure.
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mality and homogeneity of variance were evaluated using 
the Shapiro-Wilk test and Levene’s test, respectively.

For each manufacturer, a two-way analysis of variance 

(two-way ANOVA) was conducted to determine whether 
cooling temperature had a statistically significant effect on 
contact pressure. In this analysis, temperature (Temp) and 
anatomical site (Part) were treated as independent variables, 
and pressure (Pressure) was used as the dependent variable. 
The primary objective was to examine whether, after ac-
counting for pressure differences between anatomical sites 

(i.e., site-related variability and noise), the temperature 
factor alone exerted a statistically significant influence on 
pressure values (p<0.05).

When the temperature factor showed a statistically 
significant effect, Tukey’s honestly significant difference 

(HSD) post hoc test was performed to identify which 
specific temperature conditions (16°C, 26°C, or 36°C) dif-
fered from one another. To facilitate intuitive interpreta-
tion of the data distribution and pressure change patterns, 
two types of visualization were used.

First, heatmaps were generated to display the mean con-
tact pressure at each combination of temperature and ana-
tomical site for each manufacturer, allowing visual compar-
ison of overall pressure levels and trends. Second, box plots 
were created by pooling all anatomical sites within each 
temperature condition to illustrate the median, interquartile 
range, and variability of the pressure distributions.

All statistical analyses were conducted using the Stats-
models and SciPy libraries in Python, and the level of 
statistical significance was set at 0.05 [19,20].

RESULTS

1. CT image analysis results

The acquired CT images were imported into the 
EclipseTM treatment planning system (Varian Medical Sys-
tems, USA), and the outer margin of each thermoplastic 
mask was delineated by applying a consistent Hounsfield 
unit (HU) threshold across all conditions. To ensure repro-
ducible structure extraction, a threshold of -600 HU and a 
smooth level of 0 were used for all reconstructions. Repeat-
ed structure generation under the same settings confirmed 
that inter-scan differences in calculated mask volume were 
not statistically significant, indicating good consistency of 

the segmentation procedure.
For each experimental condition, the CT-derived geome-

try of the thermoplastic mask was compared with the mask 
geometry at the time of initial fabrication, and the resulting 
DICE values were calculated. The DICE values obtained 
under each temperature and time condition are summarized 
in Table 1.

When the masks were fabricated at 16°C, both materials 

(manufacturers A and B) showed the highest DICE values, 
indicating minimal geometric shrinkage and relatively high 
structural stability. In contrast, as the fabrication tempera-
ture increased, the DICE values gradually decreased, with 
the lowest values observed at 36°C. This trend suggests that 
molding at higher temperatures leaves the thermoplastic 
material in a more unstable molecular configuration, so that 
residual stress remains after cooling and leads to increased 
shrinkage and shape deformation over time.

For manufacturer A, the DICE value at 7 days after fabri-
cation was 0.827 under the 16°C condition, corresponding 
to roughly a 17% deviation from perfect overlap, whereas 
at 36°C the DICE value decreased to 0.704, corresponding 
to about a 30% deviation. Similarly, for manufacturer B, 
the DICE value at 16°C was 0.848 (approximately 15% de-
viation), while at 36°C it declined to 0.801 (approximately 
20% deviation), confirming the same tendency of greater 
geometric change at higher fabrication temperatures.

These findings indicate that higher fabrication tempera-
tures are associated with an increased shrinkage tendency 
of the thermoplastic material. In addition, when comparing 
the geometry immediately after fabrication with that at 30 
days, a slight overall reduction in DICE values was ob-
served across conditions, reflecting gradual structural relax-
ation and subtle time-dependent shrinkage of the material. 
This decrease in DICE was more pronounced for masks 
molded at higher temperatures than for those fabricated 

Table 1. Dice similarity coefficients of thermoplastic head-and-
neck masks according to cooling temperature and elapsed time 
after molding.

Manufacturer Time elapsed 16°C 26°C 36°C

A 7 days 0.827 0.781 0.704
30 days 0.827 0.790 0.645

B 7 days 0.848 0.814 0.801
30 days 0.782 0.769 0.769
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at lower temperatures, confirming that the initial molding 
temperature has a substantial impact on subsequent geo-
metric stability. Overall, thermoplastic masks fabricated 
and cooled from higher residual temperatures exhibited 
greater shrinkage and poorer shape reproducibility than 
those produced under lower-temperature conditions.

2. �Pressure measurement in pressure-sensitive 

film

For each type of thermoplastic mask, contact pressure 
was measured at five anatomical sites-forehead, nasal 
bridge, neck, chest, and shoulder-under three cooling 
conditions (16°C, 26°C, and 36°C) using pressure-sensitive 
film. From the developed films, the red (R) channel values 
were extracted, and changes were compared across three 
time points: immediately after fabrication (1st measure-
ment), 7 days after fabrication (2nd measurement), and 30 
days after fabrication (3rd measurement). The R value was 
defined as the median intensity of the red channel within 
the selected region on the film, and the mean of the values 
obtained at each site was used for analysis. Because the 
film darkens as pressure increases, the R value is inversely 
related to contact pressure; that is, lower R values corre-
spond to higher applied pressure.

Fig. 7 shows heatmaps of the mean contact pressure for 
thermoplastic head-and-neck masks from manufacturers A 
and B, according to cooling temperature (16°C, 26°C, and 

36°C) and anatomical site. Overall, masks from manufac-
turer A exhibited relatively small and uniform changes in 
pressure across different temperature conditions. In con-
trast, masks from manufacturer B showed a pronounced 
increase in pressure at specific sites as the cooling tempera-
ture increased, indicating a greater temperature dependence 
of contact pressure for this material.

For manufacturer A, the pressure distributions at 16°C 
and 26°C were almost identical across all anatomical sites. 
Even at 36°C, only a modest overall increase in pressure 
was observed. The forehead and nasal bridge consistently 
showed the highest pressure levels at all temperatures; 
however, the absolute differences in pressure between 
temperature conditions remained limited. In contrast, the 
shoulder region showed a slight decrease in mean pressure 
at 36°C compared with the lower-temperature conditions.

For manufacturer B, the effect of temperature was much 
more pronounced. At 36°C, the pressure at the nasal bridge 
and neck increased markedly and these two sites exhib-
ited the highest pressures among all measurements. In 
particular, the nasal bridge showed a steep rise in pressure 
at 36°C compared with 16°C. The forehead and shoulder 
also demonstrated increased pressure at 36°C, although the 
magnitude of these changes was smaller than that observed 
at the nasal bridge and neck.

Fig. 8 compares the distribution of contact pressure (MPa) 
across all anatomical measurement sites for thermoplastic 
masks from manufacturers A and B under each cooling 

Fig. 7. Heatmaps of mean contact pressure (MPa) by manufacturer, cooling temperature, and anatomical site for thermoplastic head-and-
neck masks.
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temperature condition (16°C, 26°C, and 36°C). At 16°C, 
the median pressure was approximately 1.39 MPa for man-
ufacturer A and 1.45 MPa for manufacturer B. At 26°C, the 
median pressures were about 1.48 MPa for manufacturer 
A and 1.49 MPa for manufacturer B, indicating very sim-
ilar central tendencies between the two manufacturers. At 
36°C, the median pressure increased to approximately 1.70 
MPa for manufacturer A and 1.67 MPa for manufacturer 
B, demonstrating an overall upward shift in pressure com-
pared with the lower-temperature conditions.

When comparing the spread of the distributions (box 
height and interquartile range), both manufacturers showed 
comparable variability at 16°C and 26°C. However, at 
36°C, the width of the box for manufacturer B increased 
markedly compared with that for manufacturer A, indi-
cating greater variability in pressure measurements under 
the high-temperature condition. This pattern is consistent 
with the results of the two-way analysis of variance. After 
controlling for the effect of anatomical site, temperature 
had a statistically significant impact on pressure for masks 
from manufacturer B (p=0.0483), whereas no statistically 
significant temperature effect was observed for masks from 
manufacturer A (p=0.1155).

DISCUSSION 

This study quantitatively evaluated the influence of resid-

ual temperature during fabrication of thermoplastic head-
and-neck immobilization masks on both geometric stability 
and the contact pressure transmitted to the patient. The 
findings indicate that control of the cooling phase-partic-
ularly the residual temperature of the mask immediately af-
ter molding-is directly linked to mask quality and patient 
experience in clinical practice.

CT-based analysis using the DICE values clearly demon-
strated that higher residual temperatures at the time of fab-
rication were associated with reduced geometric stability. 
For both manufacturers A and B, masks cooled to 16°C 
maintained the highest shape similarity over time, whereas 
those cooled at 36°C exhibited the lowest DICE values. 
These observations are consistent with previous reports 
on thermoplastic materials, which have shown that inade-
quate cooling from a high-temperature state prevents full 
relaxation of the polymer molecular network and leads to 
greater accumulation of residual stress during the cooling 
process [8]. Karimiani further reported that non-uniform or 
insufficient cooling can induce volumetric shrinkage and 
temperature gradients, generating significant thermal re-
sidual stresses that may manifest as additional shrinkage or 
shape deformation over time [21,22].

The localized pressure increases observed in this study, 
particularly at the nasal bridge and neck, have significant 
clinical implications for patient experience. The nasal 
bridge is a bony prominence with thin overlying soft tissue, 
making it highly susceptible to pressure-related pain when 

Fig. 8. Box plots of overall contact pressure (MPa) distributions by manufacturer and cooling temperature, integrating all anatomical mea-
surement sites.
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subjected to the elevated contact pressures observed under 
high-temperature molding conditions. Furthermore, ex-
cessive pressure on the neck region is critically relevant to 
patient compliance, as it is directly linked to the sensation 
of choking. This physical discomfort can trigger claus-
trophobia and anxiety, potentially leading to involuntary 
patient movement during treatment. Therefore, minimizing 
pressure peaks at these specific anatomical sites through 
adequate cooling is essential not only for geometric preci-
sion but also for reducing treatment-limiting distress.

Based on these findings, the reduced shape reproduc-
ibility (i.e., lower DICE values) observed under the 36°C 
condition can be interpreted as a consequence of the mask 
solidifying before it has sufficiently cooled. In this situ-
ation, the internal structure of the thermoplastic material 
cannot fully stabilize, and greater residual stress remains 
within the mask. Over time, this residual stress is released 
in the form of additional shrinkage and geometric distor-
tion. Such thermo-mechanical behavior can ultimately 
reduce setup reproducibility in radiotherapy by increasing 
patient posture changes and positioning errors, underscor-
ing the clinical need to standardize and strictly control the 
cooling process.

In addition, DICE values showed a slight decrease be-
tween 7 and 30 days for all manufacturers and all tempera-
ture conditions. This time-dependent reduction was most 
pronounced for masks fabricated at 36°C, indicating that 
high-temperature molded masks do not achieve complete 
structural stabilization even after the initial cooling phase, 
and continue to undergo subtle deformation over time.

The pressure-sensitive film analysis further revealed clear 
manufacturer-dependent differences in the thermal stability 
of the masks, which are directly relevant to the level of 
contact pressure actually experienced by patients during ra-
diotherapy. For masks from manufacturer A, the magnitude 
of pressure change across the three temperature conditions 

(16°C, 26°C, and 36°C) was small, and the overall distri-
bution remained relatively uniform. Consistent with this, 
statistical analysis (p=0.1155) showed no significant effect 
of temperature on contact pressure. These results suggest 
that the material used by manufacturer A is less sensitive to 
temperature variations and is capable of maintaining struc-
tural stability and a uniform pressure profile across a range 
of molding conditions.

In contrast, masks from manufacturer B showed a marked 
increase in pressure at the nasal bridge and neck under the 

high-temperature (36°C) molding condition, accompanied 
by a clear widening of the pressure distribution. Consistent-
ly, the two-way ANOVA indicated that temperature had a 
statistically significant effect on pressure for manufacturer 
B (p=0.0483), suggesting that this material is highly sensi-
tive to residual heat. When molded at higher temperatures, 
it appears more prone to pronounced thermal shrinkage and 
the generation of non-uniform, localized pressure peaks at 
specific anatomical sites.

These manufacturer-dependent differences highlight the 
critical impact of cooling temperature during thermoplastic 
mask fabrication on both geometric stability and pressure 
uniformity. In this study, DICE analysis showed that the 
highest shape stability was consistently achieved under the 
lowest residual temperature (16°C), whereas higher-tem-
perature conditions led to greater geometric deviation over 
time. This pattern is in line with previous reports on the 
cooling behavior of thermoplastic materials. Kamal and 
Karimiani have described how insufficient cooling prevents 
full stabilization of the internal polymer network, result-
ing in higher residual stress accumulation and promoting 
progressive shrinkage and shape distortion as time elapses 

[21,22]. More recently, Miron et al. also reported that, for 
both thermoplastic and three-dimensional (3D) printed fix-
ation masks, securing adequate thermal stability immedi-
ately after fabrication is crucial, and inadequate cooling can 
lead to structural deformation and reduced immobilization 
accuracy [23].

Taken together, these findings indicate that fabrication 
protocols for thermoplastic masks should include a stan-
dardized cooling procedure that sufficiently lowers the re-
sidual temperature after molding in order to minimize long-
term shrinkage and preserve setup reproducibility over the 
course of repeated treatments. Furthermore, because the 
temperature sensitivity of mask materials can differ sub-
stantially between manufacturers, thermal stability should 
be considered alongside immobilization strength when 
selecting a head-and-neck mask system. Localized pressure 
increases associated with high-temperature molding may 
exacerbate patient discomfort, claustrophobia, and intra-
fraction motion; thus, careful control of cooling tempera-
ture represents a practical strategy to improve both patient 
experience and treatment precision.

Finally, the use of a single standardized phantom to iso-
late temperature effects limits the assessment of anatomical 
diversity, such as variations in neck circumference or BMI. 
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Therefore, future studies utilizing phantoms representing 
diverse morphotypes are recommended to validate these 
findings across broader patient populations.

CONCLUSION

This study evaluated the impact of residual temperature 
immediately after molding on the geometric stability and 
contact pressure distribution of thermoplastic head-and-
neck immobilization masks.

DICE analysis showed that, for both manufacturers, 
masks molded at 36°C had the lowest geometric stability, 
whereas those molded at 16°C were the most stable. This 
finding implies that high-temperature molding leads to in-
creased residual stress within the material, which can mani-
fest as greater long-term shrinkage and deformation.

Pressure analysis revealed clear differences between 
manufacturers. For manufacturer A, the pressure distribu-
tion changed very little across temperature conditions, and 
the effect of temperature was not statistically significant 

(p =0.1155). In contrast, masks from manufacturer B 
showed higher pressure and greater variability at 36°C, par-
ticularly at specific anatomical sites, and the temperature 
effect was statistically significant (p=0.0483).

Overall, these results indicate that appropriate control of 
the cooling process is critical for ensuring both geometric 
stability and minimizing patient-perceived pressure. In 
particular, the 16°C cooling condition provided the most 
favorable combination of structural stability and uniform 
pressure distribution, supporting the need for standardized 
cooling protocols in clinical practice.
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